Abstract
Introduction
Henna (Lawsonia inermis) leaves ( Fig. 1) is an important product consumed widely in Algerian society. This plant is found mainly in the southern region of Algeria and it is available eight months a year. Its height can reach 2-3 m at the end of its life. The dark green oval leaves (2-4 cm long) present hih interest not only for cosmetic but also for medicinal issues [1] .
Among the methods used to conserve medicinal plants, drying is one of the most extended. The reduction of the moisture content prevents the degradation of this material [2] making possible its use for different applications [1] . The traditional drying of henna by exposition to the sun is being substituting by convective hot air drying. This permits to standardize the production and avoid problems such as contamination with particles (dust) or insects. However, drying can highly affect the quality attributes of henna leaves. Therefore drying kinetics studies can contribute to the better understanding of the process and select the best drying conditions that permits to obtain a high quality product.
Fig. 1 The fresh leaves of El henna (Lawsonia inermis).
High intensity ultrasound has been used to intensify drying process. This could permit the use of milder drying conditions that can improve the product quality. Thus, the aim of this work was to determine the drying kinetics of henna leaves at different temperatures and quantify the influence of the application of ultrasound during the process.
Materials and Methods

Experimental drying
Sample preparation
The henna leaves studied were cultivated and neatly transported by air from the wilaya of Béchar, in the south west of Algeria, to the laboratory of the Analysis and Simulation of Agro-food Process (ASPA) research group, Food Technology Department, Universitat Politècnica de València, Spain. There, they were stored in a refigerator at 5±1 °C until drying experiments. The moisture content was measured by placing the samples in a vacuum oven at 70 °C and 200 mmHg until constant weight, following standard method n°934.06 [3] .
Experimental drying kinetics
Drying kinetics were carried out in an ultrasonically-assisted convective dryer previously described [4, 5] . This equipment is a laboratory scale dryer modified to apply power ultrasound, with automatic control of the air temperature and velocity and provided with an automatic sample weighing system.
Fig. 2 Scheme of ultrasonicallyassisted convective drier[6].
The drying experiments were carried out in triplicate at three different air temperatures (40, 50 and 60 °C) without (Air) and with ultrasound application (Air+US; 21.7 kHz, 20.5 kW/m 3 ). In every case, an air velocity of 1 m/s was used. The dehydration process was stopped when samples lost 75% of their initial weight. 
Drying kinetics
The evolution of moisture content of samples during drying was determined by weighting the henna leaves after different drying times and the initial moisture content [7] . The equilibrium moisture content of the henna leaves was experimentally obtained by placing the henna samples at the drying conditions for a very long time. This time was enough to have no difference in sample weight for two hour. Then the moisture content of samples was expressed in non-dimensional way by using Eq. 1 [8] . (1) Where MR is the non-dimesional moisture content or moisture ratio, X(t) is the moisture content after a drying time (kg water/kg dry matter, d.m.), X0 is the initial moisture content of samples (kg water/kg d.m.) and Xeq (kg water/kg d.m.) is the equilibrium moisture content.
Mathematical modeling
Given the complexity of the phenomena involved in the drying of a product, it has been proposed mathematical models of different complexity including theoretical and empirical models. Thus, theroretical models can provide parameters, such as diffusivity, than can help to better understand the drying process. On the other hand, empirical or semi-empirical relationships permit to describe the drying curves and quantify the influence of drying conditions on drying rate. [8] Thus, in the case of this work eight different empirical models were used to describe the drying kinetics (Table 1) . 
Results and discussion
Experimental drying kinetics
The initial moisture content of henna leaves was 2.33 kg water/kg d.m. Temperature affects the experimental drying kinetics; the higher the temperature the faster the process (Fig. 3) . Thus, the time needed to achieve a moisture content of 1 kg water/kg d.m. was 2.64 h at 40 ºC, 1.94 h at 50 ºC and 1.25 h at 60 ºC.
Ultrasound application significantly accelareted drying of Henna leaves (Fig. 4) . In this sense, at 40 ºC, drying time in experiments carried out with ultrasound was 50 % lower than the needed in experiments carried out without ultrasound application. The influence of ultrasound in drying rate was quite similar at the different temperatures tested. 
Modelling
Among the different models tested, the Weibull model gave the best fit, that is, the highest value of r parameter and the lowes of EST. The model parameters identified are shown in Table 2 . The studied process variables, temperature and ultrasound application, did not significantly affect (p<0.05) the n parameter. This parameter is related with the product considered. On the contrary, k parameter, which is inversely proportional to the drying rate, was affected by both, temperatue and ultrasound application. Thus, the higher the temperature, the lower the k value, which indicates a faster drying. The application of ultrasound also reduced the identified k figures, meaning a lower time of drying becoming this influence more important at moderate drying temperature. Thus, at ºC, the k identified in Air+us experiments was 27% lower than the idientified in Air experiments. This difference was 16 % at 50 ºC and only 7% at 60 ºC. Henna leaves dried at 40 ºC, with or without ultrasound application, kept their green color while samples dried at higher temperature showed a brown color. This fact indicates the limited deterioration of the active product at the lowest temperature tested compared with the highest ones. Therefore, ultrasound application represent an alternative to intensify drying rate during drying at milder tempertures and preserving product quality. 
Conclusions
The drying kinetics of henna leaves was affected by both temperature and ultrasound application. The higher the temperature the faster the process. However, the green color of samples, which is a measurement of the quality of final product, was maintained only at the lowest temperature tested, 40ºC. The ultrasound application accelerate the drying. Its application at low temperature was an interesting alternative to accelerate the drying maintain the quality.
